In this work the kinetics of a number of sulfide-oxidizing nitrate-reducing (SO-NR) cultures acclimated and not acclimated to nitrite were characterized. Anoxic respirometry coupled to kinetic modeling of respirometric profiles was the methodology used to study the two-step denitrification associated to thiosulfate oxidation. Autotrophic denitritation was initially studied in a non-acclimated SO-NR culture to confirm that nitrite reduction kinetics could be described through a Haldane-type equation. Afterwards, a kinetic model describing the two-step denitrification (NO 3 -→ NO 2 -→ N 2 ) was calibrated and validated through the estimation of several kinetic parameters from the fitting of experimental respirometric profiles obtained using either nitrate or nitrite as electron acceptors for both acclimated and non-acclimated biomass. The model proposed was a multi-substrate model that considered all the species implicated in the process as well as the stoichiometry associated particularly to the biomass studied in this work. A comparison between the kinetic parameters with the biomass acclimated and nonacclimated to nitrite revealed a 7-fold increase of the Haldane nitrite inhibition constant in the acclimated biomass with respect to the non-acclimated while the nitrite half-saturation constant and the maximum specific growth rate remained almost unchanged. The Fisher Information Matrix method was used to obtain the confidence intervals and also to evaluate the sensitivity and the identifiability in model calibration of each kinetic parameter estimated.
Introduction
Different techniques have been developed to study the biodegradation characteristics of microbial cultures [1] [2] . In particular, respirometry has been demonstrated as a powerful technique to gain insight on kinetics and stoichiometrics of biological processes [3] [4] [5] since biomass growth and substrate removal are directly associated with the electron acceptor consumption. Moreover, this technique allows obtaining biokinetic characteristics by modeling the respirometric profiles [6] as well as evaluating the inhibitory and/or toxic effects that a particular microbial population may suffer [7] [8] .
Kinetic characterization of autotrophic denitrifying biomass through respirometry has already been reported for suspended cultures obtained from wastewater treatment processes [9] and for SO-NR cultures obtained from anoxic desulfurizing biotrickling filters (BTF) [10] . However, in both cases the stoichiometric coefficients used and the kinetic parameters obtained were significantly different. This means that the use of some kinetic or stoichiometric data reported in literature for SO-NR biomass entails an inaccurate characterization of a specific biomass since the experimental conditions as well as the microbial diversity of biomass are hardly the same. In the case of immobilized biomass an additional bottle-neck is the estimation of biomass growth yield, biomass concentration and the active fraction of such microbial culture.
Some authors have used single-substrate kinetic models taking into account microbial growth rates associated only to a single pollutant biodegradation (Monod, Haldane and other kinetic equations) [11] [12] to describe biological processes. A drawback of single-substrate kinetic models is the disability to describe the potential limitations of other species such as nutrients or the electron acceptor. Also, models based on single-substrates can hardly describe the formation of multiple end-products in complex biological processes such as biological denitrification and desulfurization processes [13] . For this reason, a multi-substrate model has to be proposed to describe the two-step denitrification since both electron acceptors (nitrate and nitrite) are implicated in the process. Moreover, the confidence intervals of the kinetic parameters are not commonly assessed even if they are as important as the estimation of the parameters themselves. The Fisher Information Matrix (FIM) method is a proven tool that accurately provides confidence intervals for kinetic parameters. This method is based on the calculation of the covariance matrix inverse, which is directly associated to the uncertainty of the model parameters estimated and the quantity and quality of the experimental data. Many authors have successfully used this mathematical method to evaluate the reliability of the parameters estimated both in wastewater and in polluted gas treatment processes [14] [15] . The FIM method allows evaluating the sensitivities of the parameters and the quality of estimations.
Previous works have reported a methodology and an experimental setup of the anoxic respirometer used in this study. In addition, denitrification and thiosulfate oxidation rates of a SO-NR biomass from an anoxic biotrickling filter have been obtained as well as the stoichiometry of the two-step denitrification process has been solved [16] [17] . However, kinetic equations and parameters that characterize the biological process have not been already reported. Consequently, the aim of the present study was to determine the kinetic parameters of the autotrophic denitrification mechanisms based on thiosulfate oxidation. The effect of culture acclimation to nitrite was also investigated and evaluated in this work through the changes in the kinetic parameters, which are directly related with the operating conditions of the reactor in which the biomass was grown and the history of the culture. For a reliable characterization of the kinetic model and parameters, the stoichiometric coefficients corresponding to the culture used in this study were those previously calculated through respirometric and titrimetric techniques in Mora et al. [17] . The acclimation of the biomass to nitrite was also assessed through kinetic parameters estimation and proposed to face nitrite inhibition problems in denitrifying reactors.
Materials and methods

Biomass
The SO-NR biomass used in this work was obtained from an anoxic biogas desulfurizing biotrickling filter (BTF) at different operation times (175 d and 325 d of operation) [18] . The first sampling of the biomass from the BTF (175 d) was used to inoculate a 2.8 L continuous stirred tank reactor (CSTR). Once assessed the steady state, the study of denitritation kinetics was performed using the SO-NR biomass cultured in the CSTR (Operation A). This biomass was then discarded for further studies. The second sample of biomass obtained from the BTF (325 d) was cultured in the CSTR (Operation B) during 22 weeks, without nitrite accumulation, for assessing the two-step denitrification process. Later, the biomass was acclimated to nitrite 2 weeks before the end of the CSTR operation by decreasing stepwise the hydraulic retention time. A detailed description of the start-up and the continuous operation of the reactors are reported elsewhere [16] .
Respirometric profiles
Two sets of respirometric tests were performed with the biomass cultured in the CSTR in order to evaluate the denitrification kinetics associated to thiosulfate oxidation (Table 1) . During the first set of tests (Set A) nitrite was used as the electron acceptor in order to define the kinetic model describing denitritation. The second set (Set B) was performed to study the kinetics of the whole denitrification process and to assess the impact of biomass acclimation to nitrite. Biomass used in set A and B had the same origin (anoxic desulfurizing BTF) but were collected and cultivated in different periods of time (see section 2.1 -Operation A and B of the CSTR). Thus, impact of biomass acclimation was only assessed with biomass from set B before and after biomass acclimation to nitrite. Moreover, the use of thiosulfate allowed studying denitrification and nitrite acclimation clearly since the effects of many additional reduced sulfur compounds reactions were avoided. It would not be the case of sulfide since elemental sulfur can be formed as an intermediary product affecting consequently the denitrification rates [10] .
Here Table 1
To obtain the respirometric profiles a certain volume of the biomass cultured in the CSTR was previously washed and poured into the respirometer. Subsequently, known pulses of thiosulfate, nitrate and nitrite were added to the respirometer after overcoming both the endogenous and the wake up phases. The continuous sampling of the system allowed monitoring the concentration of the species involved in the process, which enables the estimation of the corresponding kinetic parameters by modeling the respirometric profiles. The protocol used for biomass preparation prior to the anoxic respirometric tests as well as the set up of the respirometer and the procedure to obtain the respirometric profiles were previously optimized and properly described in Mora et al. [16] . 3 Development of the kinetic model According to literature [20] , nitrate reduction could be represented by a Monod-type equation while nitrite reduction can be described by Haldane-type kinetics. The accumulation of nitrite has also been reported as a kinetic affecting factor which could depend of the pH [21] , the S/N ratio used [22] [23] , the competition for each electron acceptor (nitrite or nitrate) [24] , etc. In this work none of these considerations were included in the kinetic model since in a previous study [16] it was observed that the factor affecting the progress of this process for a constant pH was the denitratation and denitritation kinetics, being this fact related with the biomass present in the culture.
Stoichiometric coefficients
Stoichiometric coefficients are necessary to properly characterize the kinetics of a microbial population since biomass growth yields have a strong influence on the relation between all the species implicated in the biological process. In this study the two-step denitrification stoichiometry used (Eqs. 1-2) was previously obtained by Mora et al. [17] through respirometric and titrimetric techniques for the same SO-NR biomass. From these coefficients the biomass growth yield related to substrate (Y X/S ) or any electron acceptor (Y X/Nit and Y X/N ) and also the ratio between the species involved in the process can be calculated. 
In previous works, in contrast with the present study, two-step denitrification have not been considered since nitrite was not observed during the respirometric assays [10] .
Modeling denitritation kinetics
Nitrogen gas was the final product considered from nitrite reduction (Eq. 2). Several kinetic models have been previously proposed to describe denitritation [20, [25] [26] [27] [28] . Often, accumulation of nitrite during denitrification and the consequent inhibition has been considered in such models [24, 29] . In this study the inhibition caused by nitrite on nitrite reduction was studied and described by a Haldane-type equation (Eq. 3) according to respirometric tests performed in Set A as discussed later. ).
In addition to the Haldane-type term for nitrite, the set of differential equations describing mass balances for nitrite and thiosulfate consumption, sulfate production and biomass growth (Eqs. 4-7) as well as a Monod-type term to describe thiosulfate oxidation were considered. No elemental sulfur accumulation was included in the model since, as previously referenced [16, 21, 30] , thiosulfate oxidation under anoxic conditions produced directly sulfate as the final product.
where S is the concentration of thiosulfate (mg S ) and the nitrite to thiosulfate ratio (mg N mg S -1 ), respectively.
Modeling the two-step denitrification
The denitrification process has been previously characterized through several kinetic equations combining non-competitive inhibition between denitrification intermediates and simple Monod equations [20, 27] . In this work, the two-step denitrification mechanism associated to thiosulfate oxidation (experimental tests corresponding to set B) was modeled considering rate limitation caused by nitrate and inhibition caused by nitrite over denitritation. Moreover, no competition between the electron acceptors has been taken into account neither the influence of the initial S-S 2 O 3 2-/N-NO 3 -ratio on denitrification mechanisms since in previous results none of these phenomena were observed [16] . Simulation of the respirometric profiles was performed by taking into account equations 4 to 7 and the differential equations corresponding to nitrate consumption (Eqs. 8-10). ), µ max,N is the maximum specific growth rate of the biomass using nitrate as the electron acceptor (h ) and the nitrate to thiosulfate ratio (mg N mg S -1 ), respectively.
Parameter estimation
Maximum specific growth rates, half-saturation constants and inhibition constants were estimated as well as the respirometric profiles were simulated by means of MATLAB 7.7 (Mathworks, Natik, MA). The differential equations presented above (Eqs. 4-10) were solved using a variable step Runge-Kutta method and the parameter estimation was carried out by using the Nelder-Mead Simplex search method algorithm (unconstrained non-linear optimization). The functions employed for the numerical solution were ode45 and fminsearch, respectively. In this case, the fitting of the experimental data to model predictions uniquely considers the electron acceptors (nitrite and nitrate) and it is based on seeking the minimum value of the objective function (F) (Eq. 11). This function is defined as the norm of the differences between the predicted values of the mathematical model and the experimental data: (11) where n is the number of experimental data, y θ,i is the predicted value with the kinetic parameters to estimate (θ) and y exp,i is the value experimentally measured.
Fisher Information Matrix
The confidence intervals of the estimated parameters were assessed through the Fisher Information Matrix mathematical method. The FIM summarizes the quantity and quality of information obtained in each experiment because it considers the output sensitivity functions and the measurement errors of an experimental data (i.e. accuracy of an experiment). When white measurement noise (i.e. independent and normally distributed with zero mean) and no model mismatch, no data autocorrelation and uncorrelated errors can be assumed, the inverse of the FIM provides the lower bound of the parameter estimation error covariance matrix, which can be used for assessing the estimation uncertainty of the optimal estimated parameters. Moreover, since output sensitivities of parameters are calculated using a model, the FIM also depends on the model structure [14] [15] [31] [32] .
Results and discussion
Modeling of denitritation kinetics
From the experiments performed in Set A with a SO-NR culture not-acclimated to nitrite (Table  1) three respirometric profiles were obtained at different initial nitrite concentrations (Fig. 1, ac) . From the slopes of nitrite concentration profiles many nitrite uptake rates (NitUR) were calculated for different nitrite concentrations and plotted as a function of the nitrite concentration in Fig. 1d . A Haldane-type equation (Eq. 3) was properly fitted to the experimental kinetic profile (Fig. 1d) to estimate r max , K Nit and K i,Nit ( Table 2) . The µ max,Nit (Eq. 4) was also calibrated using the respirometric test A-2 (Fig. 1b) since a sensitivity analysis showed that the predicted nitrite concentration was more influenced by variations of µ max,Nit in test A-2 than in tests A-1 and A-3. The half-saturation coefficient for thiosulfate (K S ) was not calibrated since the concentration used almost in all respirometric tests was always above 120
, which is much higher than the K S reported in literature. A K S of 32.4 mg S-S 2 O 3 2-L -1 reported in Artiga et al. [33] for a thiosulfate-oxidizing nitrate-reducing culture was used. As shown in Fig. 1 (a, c) , the denitritation profiles, as well as the corresponding thiosulfate oxidation associated, were satisfactorily described through the Haldane-type equation previously calibrated with the kinetic profile ( Fig. 1d ) and the test A-2 (Fig. 1b) . Literature regarding kinetics of bacterial growth with thiosulfate using nitrite as the electron acceptor is very limited and prior to the present work no data for biokinetic parameters were reported. However, Fajardo et al. [34] obtained a maximum specific uptake rate of 3.7 mg N-NO 2 -g VSS -1 h -1 using nitrite as electron acceptor with a sulfide-oxidizing biomass cultivated in a sequencing batch reactor (SBR). This rate was almost 15 times lower than that obtained in the present work (54.1 mg N g VSS -1 h -1 ) indicating that the cultures cannot be compared and that specific tests must be performed for each microbial culture to properly assess its kinetic parameters. Table 2 shows the confidence intervals in the estimation of each parameter obtained through the FIM method. As can be observed, a maximum confidence interval of 0.34% was determined for the half-saturation constant (K Nit ) indicating that the high sensitivity of all kinetic parameters at these concentration ranges guarantees the parameter identifiability during model calibration (i.e. the possibility in giving an unique value of each parameter in the model). Such low confidence intervals indicate both the use of an accurate measurement technique as well as a correct experimental design that satisfactorily described the experimental behavior with the kinetic model proposed.
Here Fig. 1
Here Table 2 The maximum specific growth rate estimated (µ max,Nit ) was slightly lower than the dilution rate set in the reactor (0.018 h -1 ). This result reveals that the utilization of nitrite as electron acceptor in the CSTR would have caused the wash out of biomass.
Calibration of the two-step denitrification kinetic model.
Experiments corresponding to Set B (Table 1) were performed with the biomass cultured in the CSTR during Operation B. In Set B, tests with biomass acclimated and non-acclimated to nitrite were carried out to completely calibrate the two-step denitrification model and to determine the influence of biomass acclimation to nitrite over SO-NR thiosulfate-based denitrification kinetics. Calibration of the two-step denitrification kinetic model was performed with tests B-1 and B-2 with acclimated biomass. Once kinetics corresponding to nitrate reduction had been obtained, the denitritation parameters were estimated with experimental data from test B-3 for the non-acclimated biomass.
Biomass acclimated to nitrite
Similarly to the non-acclimated biomass tests in set A, kinetic parameters related to denitritation (µ max,Nit , K Nit and K i,Nit ) with the biomass acclimated to nitrite were estimated (Table 3) from respirometric test B-1 using a Haldane-type equation (Eq. 3) which was confirmed above (section 4.1) that is adequate to describe denitritation. Fig. 2a shows that the model satisfactorily fits the experimental data over again even if larger confidence intervals than those obtained through the nitrite uptake rate profile for the non-acclimated biomass (section 4.1) were obtained. In this case a nitrite uptake rate profile could not be performed since no experimental data was available at nitrite inhibiting concentrations. Still results were considered satisfactory since none of the confidence intervals exceed a 5% of deviation. As expected, a higher confidence interval was found for K Nit since the nitrite concentration range in the tests was not the most suitable for its estimation. Nonetheless, results indicate that the compilation of several nitrite uptake rates from respirometric tests performed under different conditions is very helpful to properly fit a kinetic equation to the experimental data even if inhibition concentrations were not achieved. It is worth mentioning that a fair comparison of inhibition constants from Table 2 and Table 3 for the non-acclimated and acclimated biomass, respectively, was not possible since both microbial populations were different as indicated by the differences in their maximum specific growth rates.
Here Table 3 Regarding the calibration of nitrate reduction, kinetic parameters previously estimated from test B-2 were used to estimate µ max,N , K N and K S . A K S of 16.1±0.04 mg S-S 2 O 3 2-L -1 was obtained, which was slightly different from that reported by Artiga et al. [33] , indicating that the use of the parameter reported in literature for concentrations up to 120 mg S-S ) [9] [10] 35] probably because the biomass was obtained from a desulfurizing biotrickling filter. In such biofilm-based reactors, biomass is not naturally selected because of its growth rate but for the resistance and acclimation to specific operating conditions. The estimated K N indicates that nitrate would not be limiting the reaction at concentrations above 20 mg N-NO 3 -L -1 since this value allows reaching a 95% of the maximum reaction rate.
Here Fig. 2 Biomass acclimated to nitrite presented high denitritation rates since no accumulation of nitrite was observed in test B-2 (Fig. 2b) . This fact avoids the inhibition caused by nitrite over thiosulfate oxidation under anoxic conditions and allows using high concentrations of nitrate in the biofilter without limiting the reaction rate. Therefore, biomass acclimation to nitrite can be favorably implemented in those processes in which denitritation is lower than denitratation causing nitrite accumulation and, consequently, an efficiency drop due to an inhibiting situation.
Biomass non-acclimated to nitrite
Test B-3 ( Fig.3) was performed with the same biomass used in tests B-1 and B-2 previously to the acclimation period to nitrite to uniquely assess the effect of nitrite acclimation in the estimation of the kinetic parameters of the denitritation mechanism. In this test (B-3), the denitritation model was calibrated by using the kinetic parameters corresponding to nitrate reduction obtained from the model calibration performed with test B-2. These parameters were used on the basis that nitrite acclimation affected uniquely to denitritation. As shown in Fig. 3 , the calibrated kinetic model accurately described the experimental data corresponding to the two-step denitrification associated to thiosulfate oxidation. The biomass concentration profile was also predicted considering the growth yields obtained from the stoichiometry (Y x/N and Y x/Nit ) and also a 100% of active biomass. As can be observed, the biomass concentration increased by 15% from its initial value. This biomass growth was considered to not overestimate the kinetic parameters. In Table 4 the estimated parameters and the corresponding confidence intervals are presented for the non-acclimated biomass.
Here Fig. 3 Here Table 4 4.2.3 Effect of nitrite acclimation on kinetic parameters
Comparison of the parameters in Table 3 and Table 4 indicates that biomass acclimation to nitrite improved characteristics related to the nitrite inhibition effect. In terms of growth both microbial cultures presented a similar maximum specific growth rate indicating that microbial cultures did not changed before and after acclimation. However, the inhibition constant for the acclimated biomass (75.2±2.5 mg N L -1
) was almost 7-fold that obtained with the nonacclimated biomass (11.5±0.4 mg N L -1 ) meaning that the acclimated biomass shows lower degree of nitrite inhibition. Concerning biomass affinity to nitrite, similar half-saturation constants were estimated although the K Nit was slightly lower for the acclimated biomass. This result was somehow expected since the biomass was acclimated by reducing stepwise the dilution rate being accumulated the nitrite until reaching concentrations of about 150 mg N-NO 2 -L -1
. In this sense the biomass was forced to be capable of growing at this elevated concentration being the influence of the half-saturation constant negligible and, consequently, not affected by the acclimation. This results lead to confirm that the culture presented a high resistance to nitrite accumulation, since the µ max,Nit was almost maintained, but also a high resilience [36] since the concentration of nitrite decreased after reaching the maximum concentration although maintaining a lower HRT (data not shown).
As expected, the parameters obtained in set B were different from those previously obtained in set A (section 4.1) since the biomass was obtained at different operation times of the BTF. The kinetic parameters reported in Mora et al. [10] using SO-NR biomass from the same anoxic desulfurizing BTF were also different from those estimated in this study since the biomass was obtained 1 year later. These results remark the importance of the biomass history and the effect of operating conditions fluctuations over culture characteristics and kinetic behavior. Finally, in this calibration the uncertainties for all the parameters were slightly higher than those obtained in previous calibrations for denitritation and two-step denitrification biomass acclimated to nitrite (sections 4.1 and 4.2.1) but specially the uncertainty associated to K Nit and K i,Nit . It is worthy to mention that the confidence intervals assessed through the FIM method could be reduced by increasing the quantity of experimental data measured, which can be considered relatively low in these experiments. Even so, all kinetic parameters were identifiable on the basis of respiration tests indicating that the conditions selected to calibrate the model were especially suitable.
Conclusions
From the results obtained in this work it can be concluded that the two-step denitrification associated to thiosulfate oxidation was successfully described with the kinetic model proposed and calibrated herein, which has not been previously reported in other studies. The calibration of the model allowed the experimental data fitting as well as the prediction of the biomass growth associated, which was necessary to properly estimate the kinetic parameters.
Denitritation was satisfactorily described through a Haldane equation with the SO-NR cultures acclimated and non-acclimated to nitrite. The effect of nitrite acclimation was also evaluated and it was confirmed that the biomass presented high resistance and resilience to nitrite concentrations up to 150 mg N L -1 . Two-step denitrification could be correctly described by using the stoichiometric coefficients corresponding particularly to the biomass used in this work. Terms related to a non-competitive inhibition between nitrate and nitrite were excluded since this behavior was not observed with the SO-NR culture studied. In addition, the kinetic parameters estimated presented a high sensitivity to model predictions since small confidence intervals were assessed with the FIM method.
Results obtained in this work provide complementary information to research related with the simultaneous desulfurization and denitrification required to treat waste liquid effluents, as thiosulfate or nitrate containing wastewaters with low organic carbon content. This would be the case of SANI process intermediate effluents, which may contain high concentrations of thiosulfate as a result of a sulfate/sulfite reduction [37] . The presence of thiosulfate has even been reported as an advantage for the subsequent autotrophic denitrification integrated in the abovementioned SANI process [38] . Another interesting applicability of this study could be the nitrate removal of fish cannery effluents treated by anaerobic digestion [34] . In addition, this research provides useful knowledge about both the biochemical processes of SO-NR microbial populations and the mathematical modeling of biological denitrification processes, which is essential to improve the design and operation of anoxic desulfurizing BTFs. 
